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Abstract: The advantage of implementing the Water Cloud Model (WCM) is in being able to express
complex scattering characteristics in a vegetated area with simple bulk vegetation descriptors.
However, there has been a lack of understanding or consensus about the optimal set of vegetation
descriptors. In this paper, the original and improved expressions of WCM are evaluated and the
optimal vegetation descriptors are presented by examining the relationship between WCM vegetation
parameters and the theoretical scattering model predictions. In addition, the condition-specific
regression relationship between bulk vegetation descriptors and theoretical scattering and attenuation
coefficients, expressed by the A and B parameters in the WCM, is analyzed in relation to the shape,
size, and orientation distribution of the scatterer. Furthermore, the influence of radar observation
conditions on the parameterization of the WCM is presented. The results show that the particle
moisture content and the vegetation water content can be the optimal vegetation descriptors, denoted
by the V1 and V), variables in the WCM, respectively.
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1. Introduction

Due to its all-weather imaging and vegetation penetration capabilities, remote sensing of
vegetated areas with Synthetic Aperture Radar (SAR) has a great potential for retrieving bio- and
geo-physical parameters related to vegetation and the underlying soil surface. The measured SAR
signal backscattered from natural targets is given by the superposition of many elementary scatterers.
Consequently, in order to estimate physical properties of scatterers from SAR data, it is necessary
to investigate different scattering contributions among total backscattered signals by modeling the
interactions of microwaves in the vegetated areas.

Theoretical scattering models, such as the discrete scattering model [1,2] and the radiative transfer
model [3-5], have been used to assess the relative importance of microwave scattering mechanisms.
In the theoretical models, the vegetation canopy is, in general, represented as an ensemble of randomly
distributed dielectric particles, in a layer of specific height, overlying a dielectric ground layer. The total
backscatter can be obtained by an incoherent sum of several scattering contributions, including direct
backscattering from the vegetation layer, direct backscattering from the underlying rough surface,
scattering interaction between the vegetation and the ground surface, and ground-vegetation-ground
multiple bounce. The theoretical scattering models have been used successfully to interpret scattering
characteristics of vegetated areas and to predict radar signals in relation to the biophysical properties
of plants. However, they are usually complex and inconvenient because of a large number of input
parameters which lead to complexity in resolving the inverse problem.
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To ascertain physical properties of vegetation and soil, a semi-empirical model named the Water
Cloud Model (WCM), was proposed [6]. In the WCM, the canopy is assumed to be a uniform cloud of
water like particles. Then, the total backscattered signal is expressed in simplified form, such as an
incoherent sum of the backscattering contributions of the uniform canopy layer and the underlying
rough surface. Since the canopy in the WCM can be represented by one or two bulk vegetation
parameters, it can be practically used for retrieving physical properties. Several studies have used
the WCM for soil moisture estimation over vegetated areas [7-11] and for biophysical parameter
estimation [12].

In the practical application of WCM, however, parameterization of the simplified model has
been the main problem due to the heterogeneity of actual land surface. The WCM tries to express
the canopy scattering and attenuation terms in the model by simple vegetation parameters. Several
bulk parameters, including Vegetation Water Content (VWC) [8-13], Leaf Area Index (LAI) [7,9,11],
biomass [12], and plant water content [12], have been used as the vegetation descriptors in the literature.
Nonetheless, there have been few studies on the selection of the optimal vegetation descriptors in the
WCM. Another problem in the parameterization of the WCM is that two unknown model parameters,
which relate vegetation descriptors to microwave scattering and attenuation in the canopy layer,
have to be determined prior to performing inversion. Studies on retrieving land surface parameters
provided site-specific model parameters by regression analysis using field experimental data [7-12].
Recently, there were some studies particularly interested in determining model parameters in the WCM,
the named calibration of the WCM, for L-band [13] and C-band [14-17] space-borne SAR systems by
using in-situ and optical remote sensing data.

This study is dedicated to discussing the aforementioned problems in the parameterization
of the WCM. In this paper, the original and improved expressions of WCM are examined and the
optimal set of bulk vegetation descriptors is evaluated by using the theoretical model. In addition,
the condition-specific regression relationship between bulk vegetation descriptors and theoretical
scattering and attenuation coefficients will be analyzed in relation to the vegetation structure.
Furthermore, the influence of radar observation conditions on the parameterization of the WCM is
investigated. In Section 2, we review the WCM and discuss how the bulk vegetation descriptors
are related to the WCM parameters. Section 3 presents the effects of shape, size, and orientation of
vegetation elements on the parameterization of the WCM. The sensitivity of WCM parameters to
observation conditions is discussed concludes this paper in Sections 4 and 5.

2. Water Cloud Model

The Water Cloud Model represents a vegetation layer as a collection of identical spherical particles,
uniformly distributed throughout the volume layer. The total backscattering coefficient, o°, can be
expressed by the incoherent sum of the scattering contribution of the vegetation layer, 69, and the
scattering contribution of the soil layer, 07, attenuated by the attenuation coefficient T2, given as follows:

e 02 + O'STZ, (1)

of = 220 2] @
v 2k, !

T? = exp(=2x.h/ cos 0), (©)

where 0, and . are the volume backscattering and extinction coefficients of the vegetation layer,  is
the vegetation height, 0 is the incidence angle, and o? is the soil backscattering coefficient. Neglecting
multiple scattering effects, 0, and «,, can be given by the sum of the backscattering cross section, S,
and the extinction cross section, k, of a single particle, such as

0y = NS and x, = Nk, 4)
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where N is the number of particles per unit volume (m~3). The simplification of the vegetation layer
permits the relation of the scattering characteristics to bulk vegetation parameters. In the case of
uniformly distributed water particles, the extinction coefficient can be assumed to be proportional to
the total water content in the unit volume W (kg/m3), such as [6]

= ByW. ©)

In a similar way, the ratio o, /2%., which determines the vegetation backscattering coefficient, can
be assumed to be independent of water content, such as
Oyp
— =A;. 6
7, (6)
However, the simple expressions for the scattering and extinction coefficients in Equations (5)
and (6) are only valid for the cloud of water particles. In order to apply the simple vegetation model to
practical SAR observations, many researches have used more general expression [7-16], such as

0¥ = A,V cos O[1 —exp (—2ByV,/ cos 0)] + G? exp (—2ByV3/ cos 0). (7)

The unknown coefficients A; and B; in the general WCM can be dependent on the canopy
type. Since there have been no theoretical basis to determine A, and By, they need to be empirically
determined. The scattering and extinction coefficients are represented by bulk vegetation parameters
V1 and V;. Due to the heterogeneity of vegetation structure, several different sets of vegetation
parameters have been proposed in the literature, e.g., VWC, LAI, canopy height (), and particle
moisture content (11g).

In order to examine the best set of vegetation parameters and the corresponding A, and By, let us
firstly assume a vegetation layer consisting of cloud of spherical dielectric particles. The backscattering
and extinction cross sections for a spherical Rayleigh scatterer of radius, r, and dielectric constant, &,
are [18]

1287%r0 1 —
S 3T|m| P and (8)
823 1-¢p
k== mi ) ©)

Here, the dielectric constant of a particle, ¢,, can be related to the gravimetric moisture content,
myg, through the Ulaby and El-Rayes model [19], where

- Wy -Wy

o (10)

mg

Wy and W are the wet and dry mass of a particle. By comparing Equations (1)—(3) and (7), the AV
and the B,V terms can be expressed as follows:

S 87313 e, —1 2 1
AV = — = /Im and 11
Vi = 5 = sl /im(), an
8m2r3 & —1
B,Vy, = kNh = I Nh. 12
2V2 T m(€v+2) (12)

To understand the coefficients A, and B, and the vegetation parameters V7 and V5, variations of
AyV7 and B,V terms are examined in relation to several vegetation descriptors, such as the particle
moisture content, 111, the areal density, N, (m~2), and the VWC (kg/mz), as shown in Figures 1 and 2.
The areal density and VWC are defined as

N, = Nh, (13)
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VWC = (Wy — Wy)Nh = mgpyupNg, (14)

where py, is the particle wet density (~ 500 kg/m?, [20]) and particle volume v, = (47t/3)r®

Figures 1 and 2 show calculated A;V7 and By V), parameters plotted against different vegetation
descriptors. The dielectric constant, &5, for calculating WCM parameters is derived from the Ulaby
and EL-Rayes model at 5 GHz. It is shown that the AV term is highly related to mg, while it is
independent of particle density. Since it exhibits a quadratic-like dependence on g, the A, V7 term
can be rewritten in relation to myg, such as

AV =~ Agmmy. (15)

Here, the coefficient A, varies with the particle size. According to the least square method, A; varies
from 0.021 for r = A/50 to 2.6 for r = A/10, while E = 1.9 independently with the particle size. On the
contrary, the B,V term exhibits a linear relationship with VWC, as shown in Figure 2. In this case, we
can rewrite the B,V term as

611073 =11
BV, = B,VWC = I — VW 1

The coefficient B; is not a constant but determined by the moisture content of particles. It varies from
0.27 for dry particles (m¢= 0.1) to 0.014 for wet particles (m¢= 0.9).
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Figure 1. Variations of A,V in the case of spherical particles as a function of (a) the particle moisture
content (g [g/g]), (b) the areal density (N, [m™2]), and (c) the vegetation water content (VWC [kg/mz])
Note that both the vertical and horizontal axes are scaled logarithmically.
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Figure 2. Variations of B,V in the case of spherical particles as a function of (a) the particle moisture
content (myg), (b) the areal density (N;), and (c) the vegetation water content (VWC).
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3. WCM Parameters for Non-Spherical Particles

The WCM tries to express complicated canopy backscatters in terms of a small number of
vegetation parameters. However, the WCM with identical spherical particles predicts identical
co-polarization and no cross-polarization backscatters, which are far from the real SAR observables.
In order to figure out more realistic WCM model parameters, backscatter simulations with physical
models considering non-spherical particles are presented in this section.

Based on the solution of the radiative transfer equation [3-5], the pg-polarization backscattering
contribution of the vegetation layer can be written as

[1 — exp(=2Kepgh/ cos 6)] (17)

In the case of a canopy layer consisting of randomly oriented dielectric non-spherical particles assuming
identical size and shape, the volume scattering coefficient, 09,p, and the extinction coefficient, Ke,pg, €Can
be obtained by statistical averaging over the scatterer’s orientation distribution p(a, ), such as

Gv,pp - N<|Spq(§, ;)|2> = fop(a,ﬁ)lqu(§, f)lzdadﬁ, (18)

Kepg = 0.5N{(ky(~1)) + Nikp (1))}. (19)

The orientation distribution of the azimuthal angle, @, and the inclination angle, 3, are shown in
Figure 3a. All scatterers are assumed to be distributed uniformly in the azimuth, such as p(a) = 1/2m.
For a small non-spherical particle, the scattering amplitude, S, (8, f), on the incident, 7, and scattered,
8, directions and the extinction cross section, kj (2), can be calculated by using the Generalized
Rayleigh-Gans (GRG) approximation [21]. It has been widely used (e.g., [22-25]) for modeling radar
scattering properties from leaves. To evaluate the effects of particle shape, size, and orientation on
the parameterization of WCM, two types of vegetation, composed of needle shaped (Figure 3b) and
circular disk shaped (Figure 3c) particles, are considered in this study.

< v
—

X Y J v
() (b) (©)

Figure 3. (a) Local orientation of vegetation particle and schematic representation of (b) needle shaped
and (c) disk shaped particles, where ¢ and I denote the thickness and length of the particle.

3.1. Effect of Particle Shape

For non-spherical particles, the constants A and B, will vary with polarization. In this study,
polarization dependent model parameters will be examined for co-polarization cases, since the
cross-polarization signal generally contains no scattering contribution from the soil surface, which has
been of great interest in WCM applications. The polarization dependent model constants A ;; and
By pq can be estimated by fitting WCM parameters to the simulation results of the GRG-based physical
model. The WCM components are related to the vegetation attenuation and scattering terms of the
physical model as
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Kepgh = Bopg V2, (20)
Ov,pg

~ Ar i V1. 21
2Ke,pq 2pqV1 ( )

The volume scattering and the extinction coefficients in the left-hand side of the equation are calculated
by the GRG approximation. A number of scattering and extinction coefficients of different vegetation,
composed of either needles or disks, are simulated using the parameters given in Table 1. In the
simulation, the thickness () of needles and disks are set to be 0.1 cm and 0.01 cm, respectively.
In addition to the uniform azimuth angle distribution, all scatterers are assumed to be distributed
uniformly in the inclination angles, in the calculation of the GRG-based model.

Table 1. Vegetation parameters used in the GRG-based model simulation.

Vegetation Parameter Minimum Maximum Interval Unit
Particle length (I) 3 24 3 cm
Number density (N) 200 4200 400 m~3
Height (1) 1 5 1 m
Particle moisture content () 0.1 0.9 0.1 g/g

Figure 4 illustrates variations of x, ggh and «, yvh terms by the GRG-based model with respect
to different vegetation descriptors, such as mg, N;, and VWC. The simulation is performed at 5 GHz
frequency. It shows a strong linear relationship between #, y;h terms and VWC in both HH- and
VV-polarizations, regardless of the particle shape. Consequently, the VWC is selected as the optimal V;
parameter and the corresponding B ; coefficient can be determined by the slope of the least square
line. Results show that the particle shape affects significantly on the B, ; coefficients of the WCM.
A vegetation canopy composed of disk-shaped particles is described by a higher B, coefficient than
if it is composed of needle shaped particles. In addition, despite the uniform distribution assumption,
the estimated By gy is slightly higher than B; yy in the case of disk-shaped particles. On the other
hand, in the case of needle shaped particles, the estimated B, vy is slightly higher than B, yp.

To determine the V1 parameter and to estimate corresponding A, y, coefficients, variations of the
Ov,pq/ 2Ke pq terms are examined against different vegetation descriptors, as shown in Figure 5. As with
the spherical particle, the 0,4/ 2k 4 is strongly correlated with the m¢ and exhibits a quadratic-like
relationship. Based on a non-linear expression, such as

Ou,pg

T ~ A pgity, (22)
the Ap; and E parameters can be estimated by least square fit. The estimated E is about 1.9
independently with the particle shape, size, and density. The estimated model coefficient A3, is
affected by particle shape. The disk shaped particle exhibits higher A; ; than the needle shaped scatter.
The model coefficients at HH- and VV-polarizations, A, gy and A; vy, are not significantly different in
both the disk and needle shaped particles.
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Figure 4. Variations of ./ in relation to the vegetation descriptors (left: particle moisture content
(g/g); middle: the areal density (m~2); right: the vegetation water content (kg/mZ)) for (a—c) needle
shaped and (d—f) disk shaped particles.
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Figure 5. Variations of 0y,5/2k.pq in relation to the vegetation descriptors (left: particle moisture
content (g/g); middle: the areal density (m~2); right: the vegetation water content (kg/mz)) for (a—c)
needle shaped and (d—f) disk shaped particles.
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3.2. Effect of Particle Orientation

In the previous experiment, non-spherical particles are assumed to be uniformly distributed
throughout vegetation layer. However, in many agricultural crops and forests, the scatterers in a volume
layer may have a preferred orientation distribution. In order to consider more realistic vegetation
structure in the parameterization of WCM, scattering and attenuation coefficients from particles with
preferred orientation distribution are considered in this part. The distribution of the inclination
angle p(p) is used to denote the orientation of particles. For simplicity, it is assumed to be a uniform
distribution over the interval f; < B < Ba, such as P(B) = 1/(B2 —p1). When B varies in a range
around 0°, the needle shaped particles are vertically oriented, while the disk-shaped particles are
nearly horizontal.

Figure 6 shows variations of the B, ; coefficients in the oriented volume. Based on previous
analysis, VWC is selected for the vegetation descriptor V; and B; y, is obtained by fitting the linear
function. For the inclination distribution, we consider the three following special cases: 0 < B <907,
0°<B<60,and0° < B <30". The first case corresponds to the uniform inclination angle distribution,
as with the previous experiment. The third case corresponds to either nearly vertically oriented needle
or nearly horizontally oriented disk particles.
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Figure 6. Effect of particle orientation distribution on the relationship between x, ;i and BZ/M VWC
(left: Bo ygVWC and right: By yy VWC) in the case of (a,b) needle shaped and (c,d) disk shaped
particles. Colored dots represent simulation results and solid lines are corresponding line fits to the
simulated data.
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It is seen from Figure 6 that the linear relationship between «, ;i terms and VWC is maintained
throughout different orientation distributions. However, for horizontal disks and vertical needles,
oriented volume effects in wave propagation through vegetation layer lead to the differences of the B3
coefficients between HH- and VV-polarizations. Particularly, the B, gy coefficient, which is associated
to the attenuation of HH-polarized signal, is more affected by the orientation of the scatterer than the
By yv coefficient. In comparing needle and disk-shaped particles, the orientation angle effect is more
significant in the needle shaped particle. The By gy coefficient decreases significantly as the needle
shaped particle is oriented vertically.

Next, the effect of particle orientation on the A; y; coefficients is evaluated in Figure 7. As in
the previous analysis, mg is used for the vegetation descriptor. As with the B, ,; coefficients,
orientation distribution affects the A, coefficients of the needle shaped particle more, especially at
HH-polarization. The estimated A; y,; coefficients decrease significantly as the needle shaped particles
are oriented vertically. In addition, it is seen that the estimated E parameter is influenced by the particle
orientation distribution and becomes dependent on the radar polarization. It decreases from 1.9 for
uniform distribution to 1.0 in HH-polarization and 1.6 in VV-polarization for the vertically oriented
needle. On the other hand, the orientation distribution hardly affects the E parameter in the case of disk
shaped particles. The estimated A5y, coefficients slightly decrease as the disk is oriented horizontally.
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Figure 7. Effect of particle orientation distribution on the relationship between gy,q /2%, pg and Az pgimg
(left: Ao yrmg and right: Az pyyme) in the case of (a,b) needle shaped and (c,d) disk shaped particles.
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4. Discussion

4.1. Effect of Radar Observation Condition

Two experiments in the previous section discussed parameterization of the WCM in relation to the
shape and orientation of scatterers. In addition to the environmental condition of the scatterer, however,
radar observation parameters affect the unknown model constants in the WCM. In particular, radar
scattering mechanisms in vegetated areas can be sensitive to the incidence angle and the frequency of
the transmitted signal. In order to further evaluate the effect of observation conditions, we analyzed
the model parameters of WCM that were estimated under different incidence angles and frequencies
of the radar signal.

Figure 8 shows dependence of the estimated model parameters on the incidence angle and
frequency. As with the estimation procedure discussed in the previous section, the model parameters
were determined by fitting By ,; VWC and Azrpqmg terms in the WCM to the simulation results of the
GRG-based physical model. In this figure, the shape and orientation distribution of scatterers were kept
constant, such as the moderately vertical (0” < § < 60°) needle shaped scatterers. In addition, according
to the previous analysis, the E parameter in the WCM may also depend on the radar polarization.
Therefore, the E parameter for the non-linear fitting was replaced by the polarization dependent
parameter Ep,.
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Figure 8. The estimated WCM parameters By, (left), Az, (middle), and Eyy (right) plotted as a
function of (a—c) the incidence angle and (d—f) the radar frequency.

Figure 8a—c illustrates the variations of model parameters as a function of the incidence angle.
It is seen that the By yy parameter increases as an increase of the incidence angle, while the By gy
parameter is not affected by the incidence angle variation. The A, ,; parameters increase as an increase
of the incidence angle. The estimated Aj , is consistently higher for the HH-polarization case than the
VV-polarization case. In addition, the difference between A gy and A yv is larger at a high incidence
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angle region. The estimated E,,; parameters are not very sensitive to the incidence angle as compared
to other WCM parameters. The Eyy parameter is consistently higher than the Eyy parameters.

On the other hand, it is observed from Figure 8d—f that the WCM parameters vary significantly
accordingly with the radar frequency. The B ,; parameters show quadratic like behaviors as a function
of the frequency. The A, increase as an increase of the frequency and there is a significant difference
between A yy and Aj yy especially in high frequency. In the case of the E,; parameters, the estimated
Exp and Eyy generally decrease as an increase of the frequency. Particularly, the relationship between
the vegetation descriptor mg and the simulated oy, /2K, p; term becomes nearly linear for the high
frequency and HH-polarization case.

4.2. Comparison with Previous Studies

The above results on the evaluation of WCM parameters suggest the optimal set of vegetation
descriptors. However, the model constants, which relate vegetation descriptors to microwave scattering
and attenuation terms in the vegetation layer, can vary significantly for different environmental
and radar observation conditions. To understand possible variability of the WCM parameters,
additional experiments on the estimation of the By 4, A2y, and E,; parameters were carried out at
different environmental and observation conditions. In this experiment, we set up 27 configurations,
as summarized in Table 2. As with the simulations in Section 3.1, the scattering and attenuation terms
were calculated using vegetation parameters, given in Table 1, under different radar frequency, particle
orientation distribution, and particle thickness. Here, the simulation was performed for needle shaped
particles and the incidence angle was set to be 30°.

Table 2. Different simulation configurations for the GRG-based physical model simulations and results
of the WCM parameter estimations.

Configuration = Frequency Orientation Thickness Bopy Boyvvy Az Eun  Azvvy  Evy
1 Uniform 0lem 0111 0137 0004 18 0004 1.8
2 O <f<op) 02em  009% 0119 0018 18 0017 18
3 =b= 03cm 0085 0105 0041 18 0038 1.8
4 . 0lem 0066 0126 0001 15 0003 1.8

Med
5 1.5 GHz « <eﬁuim60°) 02cm 0058 0109 0005 15 0013 18
6 =P= 03em 0051 009 0012 16 0029 1.8
7 Vertical 0lem 002 0115 0000 11 0001 16
8 O <peary 02em 0020 0100 0002 11 0003 16
9 =P= 03cm 0018 0088 0005 12 0007 16
10 Uniform 0lem 0339 0420 0052 19 0049 19
1 O <p<op) 02em 029 0369 0211 19 0197 19
12 =b= 03cm 0266 0329 0479 19 0445 19
13 . 0lecm 0204 038 0005 14 0025 19
Med
14 5GHz © fﬁ“immo) 02cm 0180 0340 0022 15 0100 19
15 = b= 03em 0161 0303 0053 15 0226 20
16 . 0lem 0070 0353 0001 11 0002 16
Vertical
17 O < peary O02em 0063 0310 0005 11 0009 17
18 =P= 03cm 0058 0277 0012 12 0021 17
19 Uniform 0lem 0818 1012 0131 17 0125 17
20 O < p<opy O02em 0730 0902 059 17 0505 17
21 b= 03cm 0658 0812 1198 17 1142 17
2 . 0lem 0493 0930 0006 11 0045 1.8
Med
23 10GHz O < p<ery 02em 0442 0830 007 11 0179 18
24 =b= 03cm 0400 0748 0065 12 0402 1.8
25 Vertical 0lem 0172 0850 0002 10 0003 14
26 02em 0158 0759 0007 10 0011 14

(0" < B <30)

N
3

0.3 cm 0.146 0.684 0.018 1.1 0026 14
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The estimation results listed in Table 2 are also illustrated in Figures 9 and 10. In these figures,
the red and blue circles are the estimated WCM parameters for HH- and VV-polarizations, respectively.
Figure 9 shows variations of the B, ,; parameter for different simulation configurations. In order
to examine whether these WCM parameters derived from theoretical analysis can explain actual
parameters obtained from field experimental datasets, the B; ,; parameters reported in the literature
are added in these figures. Among various studies presenting B, ;,; parameters, three studies [9,11,13],
which used the same vegetation descriptor, i.e., the VWC, were selected for the comparison. In [9],
the B, g jo) and By yy 9] values were determined using L-band (6 = 35°) and C-band (6 =23")
SAR data, respectively, acquired over agricultural areas. In [11], the B; ypy 11) value was obtained
using multi-temporal X-band (0= [28.3°,32.5 0]) SAR data acquired over an experimental farm area.
The L-band B,y [9) shows good agreement with the estimated B; gy for the moderately vertical
needle cases in Figure 9. However, the C-band B, yy [g) and X-band B, 1y [11) are slightly lower than
the estimated By ;7 values of this study. In [13], several B, pjpy [13) values for different land cover types
were presented using L-band (6 = 38.49°) scatterometer data, acquired globally. It is shown from
Figure 9 that the B,y 13) values, which range from 0.01 to 0.03, are in agreement with the estimated
By pp of this study for the vertically oriented needle case.

Figure 10 illustrates variations of the A »; and Ep,; parameters estimated for different simulation
configurations. In this case, it was not able to compare those parameters with in situ information-based
parameters since we could not find study cases where the mg was used as the V; vegetation descriptor.
Nonetheless, it is worth noting that both of the A, ,; parameters obtained in this study and those
reported in [13] reveal the relatively larger variability than other WCM parameters. The estimated
A pq parameters vary significantly, both with the particle size and the orientation distribution. The Ej,
parameters mainly vary with the particle orientation. In particular, if there is a preference for vertically
oriented scatterers in the vegetation layer, the Egy becomes close to one, which indicates a linear
relationship between GRG-based model calculation and the VWC of the vegetation layer.

] L-band C-band X-band
. ® BoHH
3 @ Byw "'......
] ® ®
] R L]
] f;wc/mESS: $ | s ® o o * ®
g ] . 02 05| L - 1] ¢ o 0
08 8 ] ® ¢ ® o, I
3L e o ® o
4 131 " ¢ 4
0.01—:
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Figure 9. Variations of the By gy (red circle) and B; vy (blue circle) parameters estimated for different

simulation configurations. The blue and red lines represent B, iy and By gy values, respectively,
reported in the literature.
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Figure 10. Variations of the Aj,; and Ej; parameters estimated for different environmental and
observation configurations.

4.3. Validity of WCM

Both the WCM and the theoretical model for examining the WCM parameters assume that the
total backscattered signals is composed of the direct vegetation backscattering and direct ground
backscattering. Consequently, the WCM predictions are problematic when the observed signal contains
other scattering contributions. In order to evaluate the validity of the WCM, we consider that the total
backscattered signal can be expressed by the incoherent sum of four scattering mechanisms, as with
the general first-order solution of the radiative transfer equation [3-5], as follows:

Ootat = O+ 0¢ + 6 + 9gyc: (23)
The first two terms in the right-hand side correspond to the scattering mechanisms of the WCM,
such as the direct backscattering from the vegetation (0‘?/) and the underlying rough surface attenuated
by vegetation (cr(();). The other two terms are the scattering interaction between the vegetation and the
ground surface, including the vegetation-ground and ground-vegetation double bounces (G?/G) and the
ground—vegetation-ground multiple bounce (O‘%VG). The vegetation scattering and extinction terms in
the vegetation layer were calculated using the first order solution of the radiate transfer equation [3-5].
The Integral Equation Method (IEM) [25] was used for the backscattering from the ground surface.
Figure 11 illustrates an example of the variations of vegetation scattering mechanisms as a function
of the incidence angle at a C-band frequency. In this simulation, the vegetation layer was assumed to
be composed of uniformly distributed needle shaped scatterers (I = 5 cm, t = 0.2 cm; my = 0.5 gg™*,
N =3000 m~3, 1 =3 m). In addition, the root-mean-square height, the correlation length, and the
volumetric moisture content of the soil surface were 0.5 cm, 5 cm, and 0.3 cm3cm ™3, respectively. It is
seen that the relative contribution of elementary scattering mechanisms to the total observed signal
can vary significantly with the radar observation conditions. The ground scattering mechanism is an
important contributor at the low incidence angle, whereas the relative contribution of the volume
scattering component increases as the incidence angle increases. We noticed that there can be a
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significant amount of contribution from the scattering interaction between vegetation and the ground,
particularly at HH-polarization and high incidence angle regions.

In addition to the observation condition, each scattering mechanism in the observed signal can be
affected by the environmental condition of the scatterer, such as vegetation structures and the amount
of water content. To examine the validity of the WCM, we define the relative contributions of the direct
vegetation, direct ground, and the vegetation-ground interaction terms as

0 0 0 0
o o o.,-+0
v G VG GVG
Py = o P = - and Pp = — (24)
0-Total GTotal 0-Total
0
o o
z K=
g 107 £
2 o
S S
= =
(O] (O]
8 -20 1 8
D (2]
£ £
®-30T -7 —Total 9
[2] P - [Z]
3 . 3
© e ES —G ©
D s —VG ©
---GVG
10 20 30 40 50 60 70 80 10 20 30 40 50 60 70 80
Incidence angle (°) Incidence angle (°)
(a) HH (b) VV

Figure 11. An example of the variations of backscattering coefficients for the four different scattering
mechanisms at (a) HH- and (b) VV-polarizations as a function of the incidence ang]le.

Figure 12 shows variations of the relative contributions as a function of the VWC under different
particle orientation distributions. These simulations were carried out at a C-band for different vegetation
parameters, as listed in Table 1. The contribution Pp indicates the implausibility of the WCM assumption.
It remains low in the case of the uniform volume layer. However, the scattering contribution of
vegetation-ground interaction increases significantly with an increase of the VWC in the case of the
oriented volume. In comparing HH- and VV-polarizations, the HH-polarized signal can contain more
vegetation-ground interaction components, as it can be anticipated from the analysis on the By gy
coefficient in Section 3.2.

The relative contribution of the vegetation-ground interaction component can lead to an erroneous
result of the WCM based prediction of the total backscattered signal. To further examine possible
problems in the backscatter prediction of the WCM model, we define the prediction error as the difference
between G(%oml and ogVCM = 0(‘)/ + 0%, such as e = O'%)ml - ogVCM. Figure 13 shows the prediction
errors as a function of VWC for different orientation distributions. In the case of HH-polarization,
the prediction error can be up to about 6dB for the oriented volume, whereas it is less than about
1.5 dB for the random volume. The WCM based prediction error in VV-polarization can reach up to
about 3 dB in the case of oriented volume. It is worth noting that, in practice, estimation of the WCM
vegetation parameters and soil moisture contents are carried out based on observed signals, which
contain various scattering mechanisms. Consequently, prediction errors of the WCM model for the
observed signals, particularly in the case of the vegetation with preferred orientation distribution and
a high VWC level, may lead to overestimation of vegetation parameters.
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Figure 12. Variations of the relative contribution of each scattering mechanism at (a—c) HH- and
(d-f) VV-polarizations. Figures in the left, center, and right correspond to the results obtained for
uniform, medium, and vertical distribution of the particle orientation angle, respectively.
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Figure 13. Prediction errors of the WCM defined by the difference the total backscattered signal and
the WCM estimation at (a) HH- and (b) VV-polarizations, as a function of the incidence angle.

5. Conclusions

In this study, a comprehensive theoretical analysis of the vegetation parameters in the WCM is
presented by examining the relationship between WCM vegetation parameters and the theoretical
scattering model predictions. The advantage of implementing the WCM is in being able to express
complex scattering characteristics a in vegetated area with simple bulk vegetation descriptors. However,
there has been a lack of understanding or consensus about the optimal set of vegetation descriptors
denoted by V; and V; variables in the WCM. By comparing the theoretical scattering and attenuation
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coefficients with several vegetation descriptors, the m, and VWC are selected as the optimal vegetation
descriptors for V1 and V; in the WCM, respectively.

Results show the linear relationship between the VWC and the theoretical model predictions,
regardless of the scatterers” and radar observation conditions. The regression coefficient denoted by
By 4 in the WCM varies with observation conditions, as well as vegetation structure. A vegetation
canopy composed of disk shaped particles is described by higher B, ;,; than the needle shaped particles.
In the case of oriented volume, like horizontal disks or vertical needles, the difference of the By,
coefficients between HH- and VV-polarization becomes significant.

On the other hand, there is the power law relationship between the mg and the theoretical model
predictions. Two regression parameters defining the power law relationship, denoted by the A; »; and
Epg, are also investigated in relation to the various environmental conditions. The A; ,; parameter
varies significantly by the particle shape, size, and orientation. Higher A, ,; values can be expected

. I . . . E
in the volume composed of randomly distributed large particles. An interesting part of the A2,pqmg” i

term in the WCM is that the form of the power law relationship is also affected by the environmental
conditions. It can be a nearly quadratic form in the case of random volume, while the exponent tends
to decrease in the oriented volume.

These results provide an insight in the microwave scattering and attenuation process in the
vegetation and will be helpful to predict and to interpret the SAR signal in the vegetated areas.
Nonetheless, due to the significant variabilities of model parameters, it is still difficult to use the WCM
for inversion schemes without in situ experimental data. The relationship between the model constants
Az pq, Epg, and By p; of the WCM and the vegetation structures suggest the possibility of narrowing
down variabilities with the use of prior knowledge of the land-cover where the vegetation layer may
have a preferred shape, size, and orientation distribution. Consequently, further evaluation of the
inversion of the WCM model will be carried out in future research with the aid of other independent
data, such as the optical and multi-frequency SAR data.

Author Contributions: Conceptualization, S.-E.P. and S.-H.H.; Methodology, software, validation, formal analysis
and writing-Original draft preparation, S.-E.P.; Writing-Review & editing, Y.T.J., J.-H.C., and H.M; Project
administration, Y.T.J. and S.-H.H.

Funding: This work was supported by Hanwha Systems Corporation for the core technology research project
based on the image formation using flight platform radar in remote sensing. It was carried out as part of
cooperation contract number U-17-020, Korea.

Acknowledgments: The authors are grateful to Yunseog Hong for his administrative and technical support.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Richard, J.A.; Sun, G.Q.; Simonett, R.S. L-band backscatter modeling of forest stands. IEEE Trans. Geosci.
Remote Sens. 1987, 25, 487-498. [CrossRef]

2. Durden, S.L.; van Zyl, ].].; Zebker, H.A. Modeling and observations of the radar polarization signatures of
forested areas. IEEE Trans. Geosci. Remote Sens. 1989, 27, 290-301. [CrossRef]

3. Ulaby, ET,; Sarabandi, K.; McDonald, K.; Whitt, M.; Dobson, M.C. Michigan Microwave canopy scattering
model. Int. ]. Remote Sens. 1990, 11, 1223-1253. [CrossRef]

4. Chauhan, N.S; Lang, R.H.; Ranson, K.J. Radar modeling of a Boreal Forest. IEEE Trans. Geosci. Remote Sens.
1991, 29, 627-638. [CrossRef]

5. Karam, M.A,; Fung, A K,; Lang, R H.; Chauhan, S. A microwave scattering model for layered vegetation.
IEEE Trans. Geosci. Remote Sens. 1992, 30, 767-784. [CrossRef]

6. Attema, E.P; Ulaby, ET. Vegetation modeled as a water cloud. Radio Sci. 1978, 13, 357-364. [CrossRef]

7. Prévot, L.; Champion, I.; Guyot, G. Estimating surface soil moisture and leaf area index of a wheat canopy
using a dual-frequency (C and X bands) scatterometer. Remote Sens. Environ. 1993, 46, 331-339. [CrossRef]

8. Bindlish, R.; Barros, A.P. Parameterization of vegetation backscatter in radar-based, soil moisture estimation.
Remote Sens. Environ. 2001, 76, 130-137. [CrossRef]


http://dx.doi.org/10.1109/TGRS.1987.289861
http://dx.doi.org/10.1109/36.17670
http://dx.doi.org/10.1080/01431169008955090
http://dx.doi.org/10.1109/36.135825
http://dx.doi.org/10.1109/36.158872
http://dx.doi.org/10.1029/RS013i002p00357
http://dx.doi.org/10.1016/0034-4257(93)90053-Z
http://dx.doi.org/10.1016/S0034-4257(00)00200-5

Remote Sens. 2019, 11, 894 17 of 17

10.

11.

12.

13.

14.

15.

16.

17.

18.
19.

20.

21.

22.

23.

24.

25.

Dabrowska-Zielinska, K.; Inoue, Y.; Kowalik, W.; Gruszczynska, M. Inferring the effect of plant and soil
variables on C- and L-band SAR backscatter over agricultural fields, based on model analysis. Adv. Space
Res. 2007, 39, 139-148. [CrossRef]

Oh, Y. Radar remote sensing of soil moisture and surface roughness for vegetated surfaces. Korean .
Remote Sens. 2008, 24, 427-436.

El Hajj, M.; Baghdadi, N.; Zribi, M.; Belaud, G.; Cheviron, B.; Courault, D.; Charron, F. Soil moisture retrieval
over irrigated grassland using X-band SAR data. Remote Sens. Environ. 2016, 176, 202-218. [CrossRef]
Chauhan, S; Srivastava, H.S.; Patel, P. Wheat crop biophysical parameters retrieval using hybrid-polarized
RISAT-1 SAR data. Remote Sens. Environ. 2018, 216, 28-43. [CrossRef]

Liu, C.; Shi, J. Estimation of vegetation parameters of water cloud model for global soil moisture retrieval
using time-series L-band Aquarius observations. IEEE |. Sel. Top. Appl. Earth Obs. Remote Sens. 2016, 9,
5621-5633. [CrossRef]

Baghdadi, N.; El Hajj, M.; Zribi, M.; Bousbih, S. Calibration of the water cloud model at C-Band for winter
crop fields and grasslands. Remote Sens. 2017, 9, 969. [CrossRef]

Bai, X.; He, B.; Li, X.; Zeng, J.; Wang, X.; Wang, Z.; Zeng, Y.; Su, Z. First Assessment of Sentinel-1A Data for
Surface Soil Moisture Estimations Using a Coupled Water Cloud Model and Advanced Integral Equation
Model over the Tibetan Plateau. Remote Sens. 2017, 9, 714. [CrossRef]

Dabrowska-Zielinska, K.; Musial, J.; Malinska, A.; Budzynska, M.; Gurdak, R.; Kiryla, W.; Bartold, M.;
Grzybowski, P. Soil Moisture in the Biebrza Wetlands Retrieved from Sentinel-1 Imagery. Remote Sens. 2018,
10, 1979. [CrossRef]

Li, J.; Wang, S. Using SAR-Derived Vegetation Descriptors in a Water Cloud Model to Improve Soil Moisture
Retrieval. Remote Sens. 2018, 10, 1370. [CrossRef]

Van de Hulst, H.C. Light Scattering by Small Particles; Wiley and Sons: New York, NY, USA, 1957.

Ulaby, ET.; El-Rayes, M.A. Microwave dielectric spectrum of vegetation Part 11: Dual-Dispersion Model.
IEEE Trans. Geosci. Remote Sens. 1987, 25, 550-557. [CrossRef]

Witkowski, E.T.F,; Lamont, B.B. Leaf specific mass confounds leaf density and thickness. Oecologia 1991, 88,
486-493. [CrossRef]

Karam, M.A ; Fung, A K. Leaf-Shape Effects in Electromagnetic Wave Scattering from Vegetation. IEEE Trans.
Geosci. Remote Sens. 1989, 27, 687-697. [CrossRef]

Karam, M.A.; Amar, E; Fung, A.K.; Mougin, E.; Lopes, A.; Le Vine, D.M.; Beaudoin, A. A Microwave
Polarimetric Scattering Model for Forest Canopies Based on Vector Radiative Transfer Theory. Remote Sens.
Environ. 1995, 53, 16-30. [CrossRef]

Thirion, L.; Colin, E.; Dahon, C. Capabilities of a Coherent Scattering Model Applied to Radiometry,
Interferometry, and Polarimetry at P- and L-band. IEEE Trans. Geosci. Remote Sens. 2006, 44, 849-862.
[CrossRef]

Park, S.-E.; Moon, W.M_; Pottier, E. Assessment of Scattering Mechanism of Polarimetric SAR Signal from
Mountainous Forest Areas. IEEE Trans. Geosci. Remote Sens. 2012, 50, 4711-4719. [CrossRef]

Fung, A K Li, Z.; Chen, K.S. Backscattering from a randomly rough surface. IEEE Trans. Geosci. Remote Sens.
1992, 30, 356-369. [CrossRef]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.asr.2006.02.032
http://dx.doi.org/10.1016/j.rse.2016.01.027
http://dx.doi.org/10.1016/j.rse.2018.06.014
http://dx.doi.org/10.1109/JSTARS.2016.2596541
http://dx.doi.org/10.3390/rs9090969
http://dx.doi.org/10.3390/rs9070714
http://dx.doi.org/10.3390/rs10121979
http://dx.doi.org/10.3390/rs10091370
http://dx.doi.org/10.1109/TGRS.1987.289833
http://dx.doi.org/10.1007/BF00317710
http://dx.doi.org/10.1109/TGRS.1989.1398241
http://dx.doi.org/10.1016/0034-4257(95)00048-6
http://dx.doi.org/10.1109/TGRS.2005.862523
http://dx.doi.org/10.1109/TGRS.2012.2194153
http://dx.doi.org/10.1109/36.134085
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Water Cloud Model 
	WCM Parameters for Non-Spherical Particles 
	Effect of Particle Shape 
	Effect of Particle Orientation 

	Discussion 
	Effect of Radar Observation Condition 
	Comparison with Previous Studies 
	Validity of WCM 

	Conclusions 
	References

